The gradient plasticity theory proposed by Aifantis and coworkers has been successfully used to model size effect phenomena at the microscale and nanoscale, by introducing into the formulation an internal length scale associated with the phenomenological coefficients of the gradient plasticity model. In this paper, Aifantis' gradient plasticity theory is applied to model the sample sizedependent torsion of thin wires, with a strain-dependent internal length scale as well as grain size dependence based on the Hall-Petch relationship. This study reveals that internal length scale is related with sample size and grain size, with such a connection determined by the ductility of the material.
Introduction
The gradient plasticity theory proposed by Aifantis in the mid 1980s [1, 2] has been successfully used to explain size effects at the microscale and nanoscale, through the introduction of an internal length scale associated with material microstructure. As the microstructural characteristics change when the material enters plastic deformation, the internal length scale should also change with deformation. Although in the initial works of Aifantis and coworkers [1] [2] [3] [4] the internal length scale was assumed to be a material constant, Tsagrakis and Aifantis [5] first introduced a variable internal length scale into Aifantis' strain gradient plasticity framework [1] [2] [3] [4] and used it to investigate size-dependent experiments. More recently, Voyiadjis and Al-Rub [6] reported that the use of a constant internal length scale is not able to predict some experimental data successfully. They made an initial attempt to connect the internal length scale with the material microstructure [6, 7] and simulated a recent attempt [8] based on Fleck's strain gradient theory [9] to establish such a connection using new systematic torsional experiments taking into account the effect of both the grain size and sample size.
In this paper, Taylor's hardening rule modeling the plastic flow of metals is utilized in order for a relationship between the internal length scale and deformation to be postulated. The classical Aifantis strain gradient theory [1] [2] [3] [4] is modified with such a power-law relation and further generalized to consider grain size dependence. The comparison of model predictions with experimental results on torsion of Au microwires [10, 11] shows that the internal length scale is related to the mean spacing of dislocations, thus evolving with the plastic strain according to a power-law relation. Although the internal length scale attains a constant value at higher strain levels, its initial value is related to geometrical size (sample size) and microstructure (grain size), due to the ductility dependence which determines its evolution.
Model formulation
In Aifantis' strain gradient theory [1] [2] [3] [4] , the effective von Mises stress σ σ σ = ′ ′ 3/2 ij ij is related with the effective
where the first term represents the local hardening from statistically stored dislocations (SSDs), while the gradient terms represent the effect of geometrically necessary dislocations (GNDs) on the nonlocal hardening of plastically deforming inhomogeneous materials. The usual homogeneous hardening can be described through a power-law hardening
As in [5] , the phenomenological gradient coefficients are assumed to be, in general, functions of strain. Herein only the second gradient is taken into account, i.e.
where c o is a constant. Then Eq. (1) is written as
In
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As in the classical torsion theory, the shear strain γ is linearly related with the torque per unit length ϕ as
In cylindrical coordinates (r, θ, z,), the Laplacian of the shear strain ∇ 
Substituting Eqs. (6) and (7) into Eq. (5) provides the distribution of shear stress on the cross-section as 
Integration of the shear stress over the cross-section of the bar gives the torque 
The above relation describes the response of thin wires with a significant strain gradient on the crosssection. The relationship between the normalized torque Q/a 3 and surface strain γ s = ϕa can further be written as 
It is noted that if there is no significant strain gradient, i.e. l 0 /a→0, then Eq. (11) 
Tsagrakis and Aifantis [5] have used this model to successfully fit the experimental data of Fleck et al. [9] , and all the curves shared the same fitting parameters except the case for D = 20 μm.
Modeling of experimental data
Herein, Aifantis' model is used to fit the experiments conducted by Liu et al. [10] , with the values of the various parameters summarized in Table 1 , and the comparison between theoretical predictions and the experimental measurements shown in Figure 1 .
A Hall-Petch relation is assumed for the hardening coefficient κ 0 , in order for the intrinsic size effect (grain size dependence) to be taken into account, i.e.
Then, substituting Eq. (13) into Eq. (10) gives both the grain size and sample size-dependent torsion response 
